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Abstract 
The extraction of a Bacillus anthracis Surrogate from Pleated HVAC Filter Samples 
Ian Solon 
 
 
 
Understanding bioterrorist agents, and most specifically anthrax, has become a major 
concern of the Department of Homeland Security and the Environmental Protection Agency. 
After the 2001 attack through the United States Postal Service that occurred by sending letters 
which contained Bacillus anthracis, the causative agent of anthrax, it became essential to learn 
how severe another attack could be if it occurred and necessary to assess the efficiency of the 
clean up. Developing a quick and inexpensive method to extract bacteria from HVAC filters can 
provide valuable information on how to respond more effectively to different attack scenarios. 
The focus of this research has been to develop an extraction procedure of bacteria spores from a 
sample of a standard HVAC filter while gathering a better understanding of the bacteria once it is 
applied to the filter sample. 
The investigation consisted of applying the B. anthracis surrogate, Bacillus thuringiensis 
HD1011, to a standard pleated filter with a minimum efficiency reporting value (MERV) of 7. 
The use of an ultrasonic bath, a vortex device, and a shaker were analyzed individually and 
combined with one another to identify the preferred extraction approach. It was concluded that 
sonication followed by vortexing then shaking was the best approach; however, it did not seem 
reliable to base results from a direct colony count. Results were quantified based on presence 
versus absence using a most probable number method because the colony counts exceeded 
expected colony counts and were too numerous to count on some occasions. The vortex-shake 
extraction procedure was found to be significantly less efficient than when sonication preceded 
the vortex-shake sequence, where the vortex-shake sequence had a concentration mean of 0.49 
(0.3-0.77) CFUs compared to 1.3 (0.8-2.1) CFUs for sonicate-vortex-shake agitation. 
vi 
 
 
 
 Additionally, the controls were analyzed in a similar manner to the extraction results. 
The control data suggested that growth was occurring when the filter was present in the bacterial 
solution. With the filter present there was a spore concentration of approximately 1.0 CFU, 
nearly double the concentration when the filter was absent. Further investigation found that there 
was significantly more bacteria when the filter was present just for agitation, as well as for a full 
24 hours prior to agitation compared to a series that never had any filter present. The data with 
no filter present ever produced a mean of 0.37 (0.14-0.47) CFU compared to means of 0.85 
(0.52-1.35) CFU and 1.07 (0.65-1.74) CFU, respectively for when the filter was present for 
agitation and when it was present for 24 hours prior to agitation. 
The three different frequencies of agitation were used to identify the best method of 
extraction.  It was found that the use of sonication improved recovery by a statistically 
significant amount, and that the order could play an important role in the effectiveness of 
bacterial removal. Going from the highest frequency of agitation to the lowest frequency in 
sequential order, proved to be the most efficient order for spore recovery. The ideal order was 
found to be sonication into vortexing followed by shaking. 
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1. Introduction 
If a bioterrorist attack were to occur by releasing an agent such as Bacillus anthracis into 
a building, it would be distributed throughout the entire building rapidly via the heating, 
ventilation, and air conditioning (HVAC) system. This insures that a significant amount of the 
bacteria spores would be captured by the filters installed into the HVAC system. Because the 
bacteria would be carried throughout the ventilation system rapidly, the filters can be used to 
identify whether or not an attack has actually occurred if a reliable and consistent method of 
extracting microbial spores from HVAC filters is developed (Hong, 2009). A majority of 
previous bacterial removal research has been conducted on non-porous material. Nevertheless, 
there have been some studies conducted on porous materials, such as swabs and filter materials 
where different agitation methods were used to shake the bacteria spores off of the material into 
an extraction fluid such as water. The following sections discuss the inspiration for conducting 
this experiment, as well as previous investigations on sample recovery and on bacteria growth. 
Background 
In October 2001, the Brentwood Mail Processing and Distribution Center in Washington 
DC became significantly contaminated by the causative agent of anthrax because the facility 
processed two letters that contained Bacillus anthracis spores (Sanderson et. al., 2002). This 
resulted in four employees contracting anthrax. Later that same month, investigations were 
conducted to find the ideal method to identify spore concentrations on non-porous surfaces. 
Sanderson et. al.  found that neither the HEPA sock, wet swabs, nor dry swabs effectively 
recovered all bacterial contamination. The dry swab was the worst at 14% recovery, the wet 
swab recovered 54%, and the HEPA sock vacuum recorded an 80% recovery. This created a 
necessity to further investigate spore removal from both non-porous and porous materials. 
Through computational modeling, Kowalski, Bahnfleth, and Musser (2003) analyzed 
how a bacterial contaminant would be distributed through a typical 40 story office building. A 
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transient multi-zone model was applied in conjunction with dose response models to estimate 
fatalities resulting from different amounts of bacteria being released from within the building as 
well as through the outdoor air intake. The results demonstrated that the bacteria can be 
distributed throughout a large office building in less than one minute by way of the HVAC 
system. However, the filters have the ability to begin removing a substantial amount of the 
bacteria from the air after about 5 minutes, where the amount removed from the air directly 
correlates with the filter efficiency. This information further identifies the importance of 
developing extraction methods from filter surfaces to allow for a better understanding of the 
exposure resulting from the attack on the building. 
The typical diameter of B. anthracis spores is approximately 0.85 micrometers with spore 
lengths of around 1.67 micrometers (Carrera, 2006) indicating that these spores would be 
grouped in the accumulation size mode of aerosols (Nazaroff, 2004). It was found that about 
18% of the particles in this size range would be captured by a MERV6 filter (Waring, 2008), 
which is slightly below the product specifications from Flanders on their MERV7 filter which 
anticipates “20-25% efficiency” (Flanders, 2007). This information suggests that it is possible to 
use a lower efficiency filter to sample the air passively; however, a higher rate filter would make 
for a better sampler (Noris, 2009). 
The main concern for humans if B. anthracis were released in an aerosolized state and 
distributed through the building through the HVAC system would be breathing in the spores. 
This would result in inhalational anthrax where the spores enter the upper respiratory tract and 
alveoli. The spores are then transferred to macrophages where they can germinate and be carried 
to the lymph nodes and throughout the body via the circulatory system (Dixon, Meselson et al. 
1999). There are few symptoms shown in the early stages of inhalational anthrax making it 
difficult to diagnose unless the exposure is known. Symptoms may not appear until several 
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weeks after exposure, and an intense antibiotic regiment is required to help increase survival 
odds (Hong 2009). The severity of inhalational anthrax makes it even more important to be able 
to have a method to identify rapidly whether or not an attack using B. anthracis spores occurred 
because of the importance of having “descriptive statistics” in order to assess the exposure risk 
quantitatively (Herzog, 2009). Sample recovery data could help with this. 
Sample Recovery 
Rose et. al. (2004) used cotton, macrofoam, polyester, and rayon swabs in a wet and a 
dry approach to remove Bacillus anthracis spores from a 4 square-inch steel coupon that had 
5×10
4
 colony forming units applied to it. Extraction of the bacteria from the swabs was 
accomplished by three different agitation methods. The swabs were either vortexed for 2 
minutes, sonicated for 12 minutes, or shaken mechanically. Their results found that vortexing 
was superior both to sonication and to shaking when the swabs were pre-moistened, as 26.7% of 
spores were recovered by vortexing compared to a mean recovery rate of 12.7% from sonication. 
It is important to note that there was no statistical significance for the removal of spores from the 
two inorganic swab materials: polyester and rayon; although, there was an 11.1% recovery for 
sonication compared to a 9.9% recovery for vortexing on the polyester swabs. Because the filter 
that was used in the current study is also a woven inorganic material, the sonication might be 
expected to have similar impacts in this study, that is, one might not expect sonication to be 
effective at enhancing recovery. 
Burton et. al. (2005) conducted extractions of B. subtilis from air sampling filters. 
Vortexing followed by sonication was compared to vortexing followed by shaker agitation. It 
was found that the vortexing-shaking combination had higher bacteria concentrations present in 
the extraction fluid for mixed cellulose ester and polytetrafluoroethylene filters. This study 
provides important information on the combining of some agitation methods; however, a full 
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systematic evaluation of the effects of sonication, vortexing, and shaking on recovery was not 
explored. Additionally, the difference in filter material between the Burton study and the current 
study could lead to differing results. Nevertheless, the study would tend to suggest that 
sonication may not enhance recovery. 
Farnsworth et. al. (2006) conducted extractions of Bacillus subtilis as well as some 
viruses from MERV 14 filter surfaces. After the bacteria were applied to the filter via a nebulizer 
in a closed system, square-inch samples were cut out and placed into 10mL of a solution of 
deionized water and Tween 80 and then shaken by hand 500 times. The extraction solution was 
then plated and incubated, and the recovery rate was based on colony counts. This resulted in 
recovery rates of 105% ± 19%. The removal of bacteria from a high efficiency filter such as this 
is interesting because it can be assumed that this filter would be able to trap a majority of the 
bacteria; however, receiving such high recovery rates may suggest some level of growth and 
leaves room for further analysis.  
Bacteria Growth  
Kemp et. al. (2001) investigated the level of survival and growth of microorganisms on 
two kinds of HVAC filter media, fiberglass and hygroscopic polymer fiber. For both filters, it 
was concluded that there was a slight increase in colony forming units during the first two weeks 
of their investigation, while there was a drop off in bacteria concentration during the next two 
weeks. The largest increase in bacterial concentration occurred on both fiberglass and a 
hygroscopic polymer fiber filter media between weeks 4 and 6. Both of these filter materials are 
inorganic, possessing similar characteristics to the Flanders MERV 7 filter used in this research. 
Because no data were recorded over as short a term as the one day investigated here, it is 
important to find out how quickly bacteria spores can duplicate. 
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Nickerson and Bulla (1974) ran experiments to see how quickly B. thuringiensis cells 
could absorb substrate. It was found that the cells were able to absorb significant concentrations 
of aspirate, citrate, glutamate, and succinate. The bacteria reached their saturation point for 
citrate and succinate during a 15 minute time interval. This indicates that if the proper nutrients 
are provided to the bacteria, the spores would be capable of ingesting the substrate rather 
quickly, even over the course of a typical extraction procedure. 
Tamplin et. al. investigated the growth rate of B. anthracis spores on raw ground beef, 
which would provide peak growth rates due to the high concentration of nutrients that the raw 
beef would provide. Their results concluded that significant bacteria growth could occur between 
17
o
C and 44
o
C if the proper amounts of nutrients are provided to the spores. The ambient 
temperature of the lab facility that our experiment was conducted in was recorded as 24
o
C, well 
within their range. Under ideal nutrient conditions, a rate of 0.15 log CFU per hour is feasible, 
which was interpreted as the first order rate constant. This was converted to a doubling time of 
15 minutes. Previous results from Kemp et. al. indicate that the filter surface could provide 
nutrients for the bacteria, results from Nickerson and Bulla suggest that substrate could be 
absorbed by the spore within 15 minutes, and results from Tamplin et. al. indicate that spores can 
germinate and multiply quickly. Thus there is a body of evidence supporting the potential for 
growth of spores recovered from HVAC filters, which needs to be further investigated through 
experimentation. 
Surrogate Selection 
In order for the lab procedure to be safe, a B. anthracis surrogate was selected. Bacillus 
thuringiensis HD1011 was selected as the surrogate because it is safe for humans and animals 
while maintaining similar physical properties to B. anthracis, yet possesses a unique genetic 
fingerprint (Wright et. al., 2009). B. thuringiensis is typically used as a pesticide making it easily 
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accessible; however, this particular strain is not used as a pesticide. B. thuringiensis is a large 
spore forming, rod-shaped bacteria just like B. anthracis, where both possess oval, gram-positive 
spores that are buoyant and surrounded by short nap hairs. It has advantages over other 
surrogates that are commonly used, such as B. atrophaeus and B. cereus, because there are 
minimal genetic and morphological differences between B. thuringiensis and B. anthracis, and B. 
thuringiensis is not pathogenic. Additionally, HD1011 spores do not clump, which insures more 
accurate quantitative results. Because of the complex nature of the recovery process it was 
important to guarantee that the shape, structure, and configuration of the surrogate spores 
compared well to the spores of B. anthracis. Hence, the decision to select the HD1011 strain of 
B. thuringiensis as the surrogate proved to be a good match. 
Study Overview 
Previous research has left some important gaps that need to be filled in order to determine 
the ideal spore recovery method. The agitation methods; sonication, vortexing, and mechanical 
shaking, require further analysis with a methodical approach in addition to investigating the 
impact that spore growth may have on recovery data and results. The following sections include 
descriptions of the experimental procedure, the statistical analysis, the results, and the future 
research needs.  
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2. Procedure 
Experimental Methods 
The B. thuringiensis spores came suspended in deionized water as 2mL samples at 
concentrations ranging from 2.3×10
7
 to 4.8×10
7
 colony forming units per milliliter and were 
provided by Northern Arizona University researchers (David Greenberg, Flagstaff, AZ). The 
spores were prepared by the H2O wash method because it is gentler on the spore‟s protective 
exosporium. This method was accomplished by isolating a colony and plating it on sporulation 
agar (2XSG). When the spores were at least 90% sporulated they were collected into double 
distilled (dd) water. Over the next two weeks the spores were stored in the dd-water and washed 
several times to remove vegetative cells and other debris. The bacteria solution was kept 
refrigerated at 10
o
C to insure that no growth occurred in the vials. The bacteria concentration 
was decreased to 5,000 colony forming units per milliliter through serial dilution into sterilized 
deionized water that was also maintained at 10
o
C prior to dilution. The dilution began by 
pipetting 0.1mL of the initial bacteria solution into 9mL of water in a test tube, then vortexing it 
on a Fisher Scientific (Pittsburgh, PA) Vortex Genie at speed 6, approximately 2,000 rotations 
per minute, for two minutes. The process was repeated with successive dilutions of 1mL into 
4mL or 9mL, until the desired concentration was achieved. Once the proper concentration was 
attained, the bacteria solution could then be applied to the filter samples. The extraction 
experiment was conducted with expected colony counts of 15, 30, and 60 colonies. 
The filter sample consisted of a square-inch Flanders (Washington, NC) MERV 7 pleated 
filter. The sample was made 4-ply thick to insure that the bacteria solution would not drip 
through the filter. The bacteria were applied by pipetting 0.4mL of the final dilution onto the 
filter surface in 20 increments of 0.02mL. The reason the solution was applied in such small 
droplets was to better simulate aerosolization of the bacteria, making the application more 
representative of a bioterrorist attack. The filter samples were then stored in a desiccator for 24 
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hours to ensure that the bacteria dried onto the filter surface in a dust-free and moisture-free 
environment. A main factor in storing the filter samples in the desiccator instead of in a cold 
environment in the refrigerator was due to concerns of contamination.  
After the 24 hour drying period, the extraction process commenced as summarized in 
Figure 1. 
 
Figure 1: Flow chart of extraction process. 
 Each filter sample was carefully moved into a sterilized 50mL beaker that contained 20mL of 
deionized water and was covered with a sterilized piece of aluminum foil. Four different 
extraction procedures were executed using a combination of three different agitation methods; 
sonication, vortexing, and mechanical shaking. The different scenarios applied were to sonicate 
only; to vortex then shake; to vortex, shake, and sonicate; and to sonicate, vortex, and shake. 
Table 1 depicts the variation in agitation methods and the amount of time that the samples were 
subjected to each agitation method. The duration of each agitation method was selected based on 
recommendations from previous research (Rose, 2004; Burton, 2005). 
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Table 1: Agitation methods and time. 
Agitation 
Sequence 
Sonication Sonication-Vortex-
Shake 
Vortex-Shake Vortex-Shake-
Sonication 
Individual 
Durations 
15 min. 15 min.-2 min.-15 min. 2 min.-15 min. 2 min.-15 min.-15 min. 
Total 
Duration 
15 min. 32 min. 17 min. 32 min. 
     
 Sonication sends ultrasound waves through a liquid medium, in this case a water bath, to 
create vibrations that are hardly visible. When sonicated, the filter sample, while in its beaker, 
was placed into a Fisher Scientific Mechanical Ultrasonic Cleaner, Model FS30, for 15 minutes 
based on recommendations from the literature (Rose, 2004; Burton, 2005). The frequency of the 
ultrasound waves emitted was 40 kilohertz. Additionally, this sonicator had a volumetric heat 
release rate of 26,316 watts per cubic meter. Vortexing occurred on the same Fisher Scientific 
Vortex Genie used during serial dilutions for 2 minutes at a vortex speed of 3, approximately 
2,000 rotations per minute. The mechanical shaking occurred on a Fisher Scientific Mechanical 
Shake Table at 170 rotations per minute for 15 minutes (Burton, 2005).  
The beakers were transferred to a 60
o
C water bath after agitation. The water baths were 
prepared by using 1,000mL beakers filled with 200mL of water and placed into an oven to 
maintain the elevated temperature. The 50mL beakers were placed into these larger beakers for 
30 minutes. This was done to stimulate germination of the spores. The extraction solution was 
then plated in increments of 0.1mL onto Petri dishes that contained trypticase soy nutrient agar. 
Two samples were made from each beaker, where three beakers went through the same 
extraction-agitation process. Each plate made was stored in an incubator at 33
o
C for 16 hours. 
After incubation each plate was removed, the colonies were hand-counted, and the data 
documented. 
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Additionally, a series of controls was also conducted in order to verify the accuracy of the 
expected colony counts. The same concentration of the bacterial solution that was applied to the 
filter was simply applied into a 50mL beaker containing 20mL of deionized water with a 
micropipette containing 0.4mL of the solution. Half of the controls had a 1 square-inch filter 
sample dropped into the beaker after the bacterial solution was injected into the beaker and left to 
soak for a 24 hour waiting period. The remaining beakers did not have a filter sample applied to 
the bacteria-water solution in the beaker until just before agitation was conducted on the filter 
samples. Half of these beakers were stored at room temperature, approximately 24
o
C, while the 
rest were stored in a refrigerator maintained at 10
o
C. The way the controls were setup is shown 
in Table 2. 
Table 2: Control Scenario 
 Temperature Filter Presence 
Control 1 10
o
C 24 hours 
Control 2 10
o
C 32 minutes 
Control 3 24
o
C 24 hours 
Control 4 24
o
C 32 minutes 
  
All of the control beakers went through the same agitation process of sonication followed by 
vortexing then mechanical shaking. The beakers were then placed into the 30 minute heat bath to 
germinate the spores. 0.1mL of the fluid from each beaker was then plated and spread in a 
similar manner to the extraction fluid and incubated for the same duration. Following the 16 hour 
incubation period, the CFUs were counted. 
Due to suggestive results of growth from this procedure (actual counts exceeding 
expected counts), further analysis was conducted following a similar approach. For this part of 
the experiment, 50mL beakers with just the 0.4mL of bacteria solution and no filter were left at 
ambient temperature for 24 hours and 48 hours before going through the sonication-vortex-shake 
agitation sequence. These “blank” beakers were compared to beakers that had the filter applied 
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just before the extraction procedure, for 24 hours prior to agitation and 48 hours prior to 
agitation. This series of the experiment is summarized in Table 3. The rest of the procedure was 
identical to the previous part of the experiment conducted on the controls. 
Table 3: Growth Analysis Procedure 
 Filter Presence Soaking Duration 
Beaker 1 No 24 hours 
Beaker 2 No 48 hours 
Beaker 3 Yes 32 minutes 
Beaker 4 Yes 24 hours 
Beaker 5 Yes 48 hours 
 
Statistical Methods 
Initially arithmetic means were derived for each agitation method by taking the average 
colony counts, while the medians were estimated by taking the middle value of the data set for 
each agitation sequence. A problem with this method of data analysis is that colony counts 
frequently exceeded the number of spores applied. Because of this, in addition to the extremely 
high recovery rates concluded by Farnsworth et. al suggesting that growth while on the filter and 
during the extraction process is possible, it seemed that the best way to analyze the data is by 
comparing the presence of bacteria colonies to the absence of them. In other words, the presence 
of colonies is taken as evidence that at least one spore was recovered from the filter, and the 
absence of colonies as evidence that no spores were recovered. No distinctions are made between 
different numbers of colonies as it is not clear how much growth may have occurred after 
extraction of spores from the filter. 
The maximum likelihood estimate was applied to compare the amount of Petri dishes that 
had bacteria growth on them compared to those that did not. The likelihood is the probability of 
obtaining the data that was obtained from the experiments conditional on particular model 
parameters (Motulsky, 1995). The likelihood of the observed data was modeled with a Poisson 
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distribution as presented in Equation 1, in which n is the sample size, ki is the amount of CFUs 
found on the specific plate, and λ is the expected amount of CFUs, which is equal to the product 
of the concentration applied to the filter and the volume of the extraction fluid that is plated 
(Equation 2). By maximizing the joint likelihood, the best estimates of the parameters were 
attained. The likelihood that zero spores grew, L(k=0), is given by Equation 3. The likelihood 
that at least one spore grew is given by Equation 4. 
𝐿 𝑘 = 𝑛 =  log  
𝑒−𝜆𝜆𝑘𝑖
𝑘𝑖 !
 𝑛𝑖=1  (1) 
𝜆 = 𝐶𝑉 (2) 
𝐿 𝑘 = 0 = log  
𝑒−𝜆𝜆0
0!
 = −𝜆 (3) 
  𝐿 𝑘 > 0 = log 1 − 𝑒−𝜆       (4) 
The exponential of the parameters results in the means of all four extraction methods. The 95% 
confidence interval is then defined by a likelihood ratio test of the fitted model against a model 
with λ’ constrained to a fixed value. Thus a particular value, λ, is included in the confidence 
interval if 𝐿 𝜆′ ≥ L λMLE  −
χ0.025 ,1
2
2
,  where λMLE is the maximum likelihood estimate of λ. 
 This was implemented in Excel by maximizing and minimizing the λ parameters subject to the 
constraints𝐿 ≥ 𝐿 𝜆𝑀𝐿𝐸 −
𝜒0.025 ,1
2
2
, respectively for the upper and lower bounds. 
The controls were analyzed by applying the use of maximum likelihood in a slightly 
different approach. The same likelihood function was used (Eqns. 1, 3, 4). The mean, λ, was 
based on three different parameters; the mean, an adjustment for samples at ambient temperature 
rather than at the refrigerated temperature, and a second indicator parameter to incorporate 
whether or not the filter sample was present for the 24 hour period as depicted in Equation 5:  
𝜆 = 𝜇𝑐𝑜𝑙𝑑 + 𝛽𝑤𝑎𝑟𝑚 𝐼𝑤𝑎𝑟𝑚 + 𝛽𝑓𝑖𝑙𝑡𝑒𝑟 𝐼𝑓𝑖𝑙𝑡𝑒𝑟     (5) 
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where μcold represents the mean for a cold control without a filter sample, βwarm signifies the 
adjustment that would be made if the temperature of the control was maintained at ambient 
conditions, and βfilter denotes the adjustment necessary if the filter was present for the 24 hour 
soaking period. The two indicator factors, represented by Iwarm and Ifilter, are equal to either zero 
or one, where the latter signifies that the factor is present in that control sample. By summing 
different combinations of the adjustment values and the zero-hour, refrigerated mean, four 
different means could be attained. When all three values were summed, the result was the mean 
for the control with the filter sample present at ambient temperature. If the filter presence 
indicator was not included in the summation, the mean for the ambient temperature control 
where the filter was not applied until agitation was attained. If the filter presence was added to 
the cold temperature mean, the outcome was the control with 24 hour filter presence that was 
stored in the refrigerator. Lastly, if both indicator variables were zero, nothing was added to the 
original mean, and the predicted value was simply the cold temperature mean with no filter 
added until agitation. 
 The growth analysis data were examined in a similar manner to the way the extraction 
series data were investigated, where the maximum likelihood estimates were calculated. Since 
there was not a marked difference in bacteria growth whether the test beakers with the bacteria 
solution were stored at 10
o
C or 24
o
C, the impact of filter presence on bacteria growth was further 
examined only under ambient conditions because it is closer to the temperature the filter would 
normally be at when installed into the ductwork of an air conditioning system.  The means for all 
five scenarios depicted in Table 3 were found using Equations 1, 2, and 3; however, the results 
from the two series that did not have a filter applied to it were extremely similar so the data from 
both durations were pooled together. This allowed for the means that had the filter sample 
present for the various durations to be directly compared to a single blank control mean. To 
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verify significance, confidence bounds were established based on the same likelihood ratio 
approach used to estimate the 95% confidence intervals for the extraction process. In order to 
verify the significance of the results, the data were expanded to include the ambient temperature 
data attained by the experiment summarized in Table 2. 
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3. Results 
  The average colony counts for the extraction procedure are summarized in Table 4, while 
the raw data is portrayed in Appendix A. Table 4 allows for easy comparison of the effects that 
the different agitation scenarios had on extraction of the bacteria from the filter samples for a 
sample size, N, of 45.  
Table 4: Arithmetic Data vs. MLE Data 
Agitation 
Sequence 
Sonication-
Vortex-Shake 
Sonication Vortex-Shake Vortex-Shake-
Sonication 
Arithmetic 
Mean 
10 6.97 3.52 3.33 
Median 3 2 1 1 
MLE Mean 1.3 (0.8-2.1) 0.79 (0.49-1.22) 0.49 (0.3-0.77) 0.61 (0.38-0.95) 
The arithmetic means depicted that the sonicate-vortex-shake method had the highest 
recoveries, followed by sonication by itself. Vortex-shake and vortex-shake-sonicate had similar 
means which were lower than the other two methods. One issue with comparing the arithmetic 
means is that the plates that had too many colonies to count would increase the means 
considerably, resulting in mean values that could be falsely high. The medians of each agitation 
sequence created a slightly clearer picture because the outliers could be eliminated. This method 
also found that sonicate-vortex-shake possessed the highest spore recoveries. Sonication was the 
next highest, followed by vortex-shake-sonicate, with vortex-shake having the lowest recovery 
rate. 
Maximum likelihood estimates provide a more accurate way to show that sonicate-
vortex-shake is the most effective agitation method to remove the bacteria from the filter. Table 
4 compares the results from the maximum likelihood to the arithmetic results, while Figure 2 
portrays that sonicate-vortex-shake is better than the other agitation scenarios, although it is only 
significantly superior to the vortex-shake agitation method. This indicates that sonication has a 
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more important impact on bacterial removal from the filter surface compared to what previous 
research had suggested. 
 
Figure 2: Extraction results comparing different agitation sequences with 95% CI. 
Order seems to be an important factor, where going from the highest frequency shaking to the 
lowest frequency shaking is the most successful; however, there is no statistical significance 
between the use of sonication-vortex-shake and vortex-shake-sonicate. The fact that using just 
sonication as the only form of agitation had a similar mean to the vortex-shake-sonicate scenario 
may provide further indication that the use of sonication first is the most important factor in the 
extraction process. It may enhance the effectiveness of vortexing and mechanical shaking when 
sonication is first used to dislodge spores from the filter. 
The results from the control data analysis suggested that the filter could be contributing to 
spore growth. The raw data from the controls is displayed in Appendix B. The controls were 
compared in two different manners; a comparison of cold storage versus room temperature 
storage and a comparison of whether or not the spores were exposed to the filter sample for 24 
hours. The arithmetic means indicated that the controls with the filter sample present for 24 
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hours prior to agitation had the highest colony concentrations, while filters stored at different 
temperatures had similar means. This is suggestive that the filter did in fact play a role in spore 
replication. 
It is plausible that the presence of the filter sample for 24 hours contributed to a larger 
presence of bacteria. Figure 3 demonstrates that the means for the samples with the filter present 
for 24 hours are nearly double compared to the two means established based on the filter only 
being present for the 32 minutes of agitation. 
 
Figure 3: Comparison of control means based on temperature and filter presence. 
However, due to the small sample size (N=14) it was important to further probe filter presence 
and bacteria growth. 
  The maximum likelihood estimates calculated to analyze the impact of filter presence on 
bacteria growth along with their 95% confidence intervals are presented in Figure 4. 
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Figure 4: Maximum likelihood estimates of bacteria concentration with filter present for different time durations 
with 95% confidence intervals. 
This figure shows that there is a direct correlation between the presence of a filter sample and an 
increase in bacterial growth. The means when there was a filter sample present for at least the 32 
minute duration of the agitation sequence resulted in at least double the concentration that was 
attained from the beakers that only contained the bacteria spores. The results for the 32 minute 
and 24 hour scenarios with sample sizes of 37 were found to be significantly different from the 
samples with no filter present, which had a sample size of 34. There was a marginal overlap of 
the confidence intervals between the 48 hour series (N=27) and the series without a filter present 
in the beaker. Additionally, it is evident that there was minimal difference of growth as long as 
the filter was present for the agitation process, indicating that any additional time that the filter 
was present did not have a significant effect on growth. 
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4. Discussion 
 Previous research has left some gaps in understanding the important topic of bacteria 
extraction from heating, ventilation, and air conditioning filters. If the extraction procedure is 
mastered, some important questions pertaining to indoor air quality and responses to bioterrorists 
attacks can be answered. There have been multiple investigations conducted on extracting 
bacteria from different materials; however, there have not been any systematic studies of how the 
order in which different extraction methods are used may affect recovery. In addition, the 
potential for growth during extraction has not been well addressed. 
 Several important conclusions can be drawn from the results of this experiment to help 
begin answering some intriguing questions. First, the recovery results often exceeded the amount 
of bacteria applied, indicated that the extraction procedure could not be quantified directly. 
Additionally, excessively high colony counts paired with the result of 105% extractions 
conducted by Farnsworth et. al could possibly indicate growth. By analyzing the extraction 
results based on presence versus absence by estimating the maximum likelihood through Poisson 
distributions, it was determined that the use of an ultrasound bath has a more important impact 
than originally concluded by Burton et. al. and Rose et. al; however, Burton never attempted to 
sonicate first and Rose did not combine agitation methods. The order of agitation also has an 
effect on extraction success, where when sonication is applied to the filter for 15 minutes prior to 
2 minutes of vortexing and 15 minutes of mechanical shaking there is a significant improvement 
in results. Furthermore, there is minimal difference between extraction success when sonication 
was added after vortexing and shaking. There was some success in extracting spores from the 
filter surface when sonication was the lone agitation method; however, there was not a 
significant difference compared to the other agitation scenarios. 
 The maximum likelihood estimate approach was necessary because it was speculated that 
the filter material could be stimulating bacteria growth. It was suggested by Kemp et. al. that  a 
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minimal, but significant amount of bacteria growth could occur within the first two weeks of the 
filter being placed into the air conditioning system, but large CFU concentrations were not found 
until after the sixth week. Because it is apparent that the filter may contain nutrients for bacteria 
growth, it is possible that some bacteria could replicate within the 24 hour waiting period. This 
was further proven by examining the set of controls, where the means for the controls that had 
the bacteria and filter present for 24 hours had nearly double the concentration of the controls 
that did not have a filter sample put in until the controls were put through an agitation sequence. 
This suggestion of growth verifies the importance to quantify the extraction procedure using a 
presence versus absence method as opposed to an arithmetic mean approach. 
 The first examination of filter presence contributions towards bacteria growth found that 
the filter soaking in the bacteria solution for 24 hours had more of an impact than when the filter 
sample was placed in the beaker just before agitation occurred; however, there was no statistical 
significance to verify whether or not growth was stimulated by the filter. This required further 
analysis. A more methodical approach was conducted in order to compare a series of beakers 
with just the bacteria solution present to beakers that had the filter placed into the bacteria 
solution just before agitation, for 24 hours prior to agitation, and for 48 hours prior to agitation. 
All beakers were maintained at ambient temperature and any previous data collected that fit the 
criteria of this procedure was included in the statistical analysis as shown in Appendices C and 
D. The results from this part of the experiment show that there was a minimal difference between 
bacteria growth as long as the filter was present for at least the agitation process. This could 
possibly be because B. thuringiensis spores have the capability to consume substrate rather 
quickly as indicated by Nickerson and Bulla (1974). Furthermore, the duplication rate of B. 
anthracis spores was estimated to be around 15 minutes under ideal conditions as presented in 
the study by Tamplin et. al (2008). Based on the information provided from this previous 
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research, it is feasible that the results from our experiments are accurate. A reason that there was 
not excessive replication of the spores could be because the filters were never used in an HVAC 
system, so they would not have a large amount of organic material deposited on them yet to act 
as nutrients for the bacteria. This was further confirmed by how there was minimal bacterial 
growth on the filter surface in the first 2 weeks, but a significant increase in growth after the first 
month of the filters‟ installations in the study by Kemp et. al. (2001). These results further 
indicate that the extraction results should be statistically analyzed using a presence versus 
absence method, where the maximum likelihood estimates provide a reasonable technique to 
compare the means of the agitation processes. 
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5. Conclusion and Future Work 
 Previous research indicated that the use of aerosolized bioterrorist agents can pose a 
threat to a large quantity of people in buildings where the central HVAC system can rapidly 
transport bacterial spores as supported by the Kowalski, Bahnfleth, Musser (2003) study. The use 
of B. anthracis spores has proven to be an effective way for terrorists to infect their targets with 
anthrax, where inhalational anthrax is particularly dangerous because symptoms are not felt until 
the infection has already progressed to a point where it poses a life-threatening risk. This is why 
it is important to develop a viable method to identify whether or not a bioterrorist attack has 
occurred. Analyzing the presence of the bioterrorist agent on the HVAC filter would indicate 
whether or not the inhabitants were exposed. Agitating filter samples with different shaking 
speeds has proven to have some success in removing the spores from the filter surface; however, 
previous research did not investigate the combined effects and order of three typical shaking 
speeds. Our research found that the use of ultrasonic shaking prior to other agitation methods had 
significant success, especially when followed by vortexing and mechanical shaking. When these 
results were analyzed quantitatively, it was found that the results were highly variable, and often 
had colony counts that exceeded expected counts. This indicated that growth could be occurring 
while the bacteria were on the filter surface or during the extraction process which was verified 
through a series of control tests. Given this information, it is recommended that the extraction 
process outcome be analyzed based on the presence versus the absence of colony forming units. 
The maximum likelihood estimates calculated allowed for the means of the different agitation 
methods to be compared more accurately, and would give a better indication of the severity of a 
bioterrorist attack. 
 There are some important questions that were not answered in this research. It is essential 
that other filter types and materials are analyzed under the same kinds of tests that were 
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conducted on the typical MERV 7 pleated filter. Other filter types of interest would include the 
commonly used, un-pleated polyester filter that typically comes with an efficiency rating of 
MERV 4, and a higher efficiency filter such as filters ranked MERV 11 or higher. It would also 
be interesting to inspect the effect that used filters would have on Bacillus spores, as this would 
prove to be a more realistic scenario to an actual bioterrorist attack. This would allow for further 
analysis of the impact growth could have on the extraction process, as used filters would most 
likely provide more substrate to initiate growth.  
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Appendix A: Extraction Procedure Results (N=42) 
Date So-V-Sh So V-Sh V-Sh-So 
 
4 1 3 3 
 
5 2 3 4 
Dec. 18 5 1 2 3 
4x conc. 2 1 3 4 
 
1 1 2 4 
 
4 4 1 2 
 
2 2 0 0 
 
1 3 0 2 
Dec. 18 3 0 2 0 
2x conc. 3 0 1 2 
 
3 2 0 0 
 
0 3 0 0 
 
4 0 0 2 
 
3 1 0 1 
Dec. 11 4 1 3 0 
2x conc. 0 0 0 1 
 
1 1 3 2 
 
2 6 1 2 
 
1 2 0 1 
 
14 1 1 0 
Dec. 3 3 3 3 0 
2x conc. 5 3 0 2 
 
1 25 0 0 
 
2 25 0 1 
 
11 19 2 1 
 
8 13 1 0 
 
47 2 0 6 
Nov. 4 TNTC* 0 1 3 
2x conc. 31 20 17 28 
 
22 26 7 30 
 
2 0 5 0 
 
0 0 23 0 
 
3 0 TNTC* 0 
Oct. 21 3 0 14 2 
 
2 5 0 1 
 
0 0 9 8 
 
16 22 0 1 
 
5 3 0 2 
 
0 20 0 0 
Oct. 16 35 4 0 0 
 
47 0 6 2 
 
18 TNTC* 6 4 
Mean 10 7.0 3.5 3.3 
Median 3 2 1 1 
MLE 1.30 (0.80-2.10) 0.79 (0.49-1.22) 0.49 (0.30-0.77) 0.61 (0.38-0.95) 
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Appendix B: Control Data 
Date Duration Fridge Ambient 
  
4 2 
  
4 6 
 
24 hr 2 2 
Dec. 18 
 
2 2 
  
7 3 
  
3 4 
 
0 hr 5 1 
  
2 1 
  
7 10 
 
24 hr 5 3 
  
6 1 
Dec. 11 
 
0 1 
 
0 hr 0 1 
  
3 0 
  
3 2 
 
24 hr 3 0 
  
1 1 
Dec. 2 
 
2 2 
 
0 hr 0 4 
  
3 4 
  
1 25 
 
24 hr 3 8 
Nov. 18 
 
1 0 
 
blank 0 0 
  
0 4 
 
24 hr 2 0 
Nov. 10 
 
2 0 
 
blank 2 2 
 
Cold+filter for 24 hr. 1.03 
MLEs Ambient+filter for 24 hr. 0.96 
 
Cold+filter for 0 hr. 0.59 
 
Ambient+filter for 0 hr. 0.52 
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Appendix C: CFU counts with no filter present 
Date 
 
Blank-24 Blank-48 
 
a1 0 0 
 
a2 0 0 
Jan. 27 b1 0 0 
 
b2 1 0 
 
c1 0 0 
 
c2 0 0 
 
a1 1 1 
 
a2 2 0 
 
a3 1 1 
 
b1 0 1 
Feb. 3 b2 2 2 
 
b3 0 0 
 
c1 1 1 
 
c2 2 0 
 
c3 1 0 
 
a1 0 
 Nov. 18 a2 0 
 Nov. 10 b1 0 
 
 
b2 2 
 
MLE (N=34) 
 
0.27 (0.14-0.47) 
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Appendix D: Bacteria growth based on filter presence 
Date 
 
0hr (N=37) 24hr (N=37) 48hr (N=27) 
 
a1 2 3 1 
 
a2 1 4 1 
 
b1 2 0 0 
 
b2 5 1 1 
Jan. 27 c1 2 2 2 
 
c2 2 1 4 
 
d1 4 6 0 
 
d2 2 0 2 
 
e1 2 1 2 
 
e2 0 3 0 
 
a1 3 2 0 
 
a2 4 0 2 
 
a3 1 4 1 
 
b1 3 1 1 
 
b2 1 1 2 
 
b3 0 1 2 
 
c1 3 2 2 
Feb. 3 c2 3 4 3 
 
c3 27 TNTC* 5 
 
d1 0 2 0 
 
d2 0 1 2 
 
d3 0 3 2 
 
e1 1 1 0 
 
e2 3 5 1 
 
e3 1 1 3 
  
3 2 
 Dec. 18 
 
4 6 
 
  
1 2 
 
  
1 2 
 
  
1 10 
 Dec. 11 
 
1 3 
 
  
0 1 
 
  
2 2 
 Dec. 2 
 
4 0 
 
  
4 1 
 Mean 
 
2.657143 2.294118 1.56 
Median 
 
2 1.5 2 
MLE 
 
0.85 (0.52-1.35) 1.07 (0.65-1.74) 0.71 (0.39-1.21) 
 TNTC*-Too Numerous to Count 
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